Abstract-A novel technique called electrostatic sensing method has been applied to condition monitoring on tribological system. Two basic types of electrostatic sensors are Wear-Site Sensor (WSS) and Oil-Line Sensor (OLS). According to the sensor structure (shape and size), different sensors have different features. This paper analyzed the characteristics of electrostatic sensors with modified standard mathematical model for each kinds. Useful conclusions were investigated and listed by contrast, lead to a better understanding and application for the technique.
INTRODUCTION
Electrostatic sensing is a novel technique based on electrostatic charging phenomena for condition monitoring [1] . In tribological system, there are two types of electrostatic sensors currently available to detect charge produced as a result of wear, seen in figure 1. Wear-site sensor (WSS) [2] [3] [4] with a flat sensing face that can be positioned directly above or near a wear surface. Oil-line sensor (OLS) [5] [6] [7] [8] with a ring type sensing face that can be put in a lubricant flow downstream from wear components.
Although some investigations have been undertaken on the electrostatic monitoring techniques through experimental studies, few efforts have been made to investigate the influence of sensor structures and feature on the detection. Morris [9] used a number of charged steel balls with different diameters to investigate the sensor response and the best sensor geometry was selected, while Harvey [10] developed an oil droplet rig to investigate the electrostatic charges. The concept of the sensor efficiency and the field of view for OLS was firstly raised by Morris [9] . Gajewski and Yan et al. [11] [12] [13] [14] established a mathematical model for the ring type probe based on charging principles, focused on the output type. Liu [15] [16] [17] further investigated the simulation and calibration method for both OLS and WSS. However no further investigations overall contrast the two type of electrostatic sensors for better understanding and optimization.
Based on previous researches, this paper combined the two type of electrostatic sensors to illustrate their own characteristics. Both electrostatic WSS and OLS were considered by detailed contrast and analysis. Important parameters were listed and the simulation and experimental results were concluded. It is a guidance for electrostatic sensors optimization with better industry application.
FIGURE I. STRUCTURE OF ELECTROSTATIC SENSORS (A) WSS (B) OLS

II. MATHEMATICAL MODEL OF ELECTROSTATIC SENSOR
A. Electrostatic Sensing Technique
The principle of electrostatic monitoring is simple and easy to be explained. When a charge source, such as charged debris or lubricant charge species (e.g. additives or soot particles), or the combination of the two, passes through the bore of the sensor, an equal opposite charge will be induced on the sensing face that can be detected as a charge response. For multiple charge sources, the overall charge signal can be obtained by adding the single individual charge sources together. Therefore, single charge source is used and discussed in details during sensor simulation and validation using experimental data.
FIGURE II. MATHEMATICAL MODEL OF ELECTROSTATIC SENSORS (A) OLS (B) WSS
B. Mathematical Model
Although the principle of electrostatic monitoring sensors is the same, the mathematical model of OLS and WSS is different, considering their different shapes. Figure 2(a) shows the space coordinate system of a point charge in the sensing zone of an OLS according to the mathematical model provided in [17] . By Coulomb's law and Gauss theorem, using the notations in figure 2(a), the total induced charge Q on the inner surface of the probe for a given point charge q can be calculated using the following equation 
The meaning of variable and symbol in the equation is the same and detailed explained in [17] .
While figure 2(b) shows the space coordinate system of a point charge in the sensing zone of a WSS according to the mathematical model provided in [15] . Equally by Coulomb's law and Gauss theorem, using the notations in figure 2(b), the total induced charge Q on the inner surface of the probe for a given point charge q can be calculated using the following equation
The meaning of variable and symbol in the equation is the same and detailed explained in [15] .
III. CHARACTERISTIC PARAMETERS
The performance of electrostatic sensors should be clearly presented by using useful natural parameters while monitoring. A series of parameters have been carried out to reflect the feature of both electrostatic WSS and OLS, such as spatial sensitivity, sensor efficiency, static sensitivity, field of view.
A. Spatial Sensitivity
The spatial sensitivity of electrostatic probe is defined as the negative value of the ratio of the induced charge to the inducing point charge and is represented by the following dimensionless parameter.
Where s is the spatial sensitivity, Q is the induced charge on the probe and q is the inducing point charge, x and z are the space relative radial and axial position of the point charge to the probe. The induced charge Q can be calculated using the above mentioned mathematical model for a point charge at any positions in the sensing zone.
B. Sensor Efficiency
Sensor efficiency or sensitivity is an important parameter that measures the sensor's detection ability. Since the spatial sensitivity and input-output correlation curve change with the position of the inducing point charge, a relatively static parameter i.e. sensor efficiency corresponding to a specific and fixed spatial position to the probe which can directly reflect the minimum detection ability while the inducing charges are passing through the sensing zone [9] . It means no matter how the charge sources pass through the sensor (position, velocity, trajectory and rotation), the detected output can at least have the corresponding ratio of values to the inducing charges.
Morris [9] defined the sensor efficiency as the ratio of the negative value of the induced charge on the probe to the inducing point charge at a specific position in the sensing zone of the OLS and multiply by 100%. The theoretical efficiency can be thus be expressed by the following
Where η is the sensor theoretical efficiency, Q is the induced charge on the probe and q is the inducing point charge, x 0 and z 0 are the selected specific space relative radial and axial position to the probe. It is obvious that the sensor theoretical efficiency is actually equal to the spatial sensitivity of the position (x 0 , z 0 ) to the probe.
C. Static Sensitivity
Different from the spatial sensitivity, the static sensitivity is defined as the ratio of the increment of voltage of the sensor output to the increment of charge of the sensor input, which can be expressed by the following
Where s' is sensor static sensitivity, ΔU' is the increment of voltage of the sensor's output and Δq' is the increment of charge of the sensor's input. The corresponding position of this parameter will be further explained in the experimental setup and discussion below.
D. Field of View
Similar to that in optics [18] [19] , 'field of view' is introduced as an essential and significant parameter for electrostatic sensors due to the fact that sensors only detect charge in the field of the sensing zone of a probe. The electrostatic field of view was defined as the measurable maximum range in space detected by the electrostatic sensor when an inducing charge passes through the sensing zone of the sensor probe.
IV. RESULTS OF SIMULATION AND EXPERIMENT
The simulation for both electrostatic wear-site sensors (WSSs) and oil-line sensors (OLSs) have been calculated through their mathematical models. Then experiments have been taken to validate the results. The test rig and specific results can be searched and studied in [9] [10] [11] [12] [13] [14] [15] [16] [17] . By contrasting and analyzing these results, the main conclusions can be summarized below.
First, the spatial sensitivity of a WSS increases with the decrease of both axial position and radial position within in the corresponding sensing zone of the probe surface. The spatial sensitivity also exists outside the corresponding sensing zone of the probe surface and has the same trends in radial direction, but it first increases and then decreases in axial direction due to the angle and distance between the spatial position and probe surface. For the same spatial position, the spatial sensitivity increases with the increase of probe diameter. The static sensitivity further probes the variation trend through the inputoutput correlation curve with multiple tests. While the spatial sensitivity of an OLS increases with the decrease of axial position and the increase of radial position inside the probe. The spatial sensitivity also exists outside of the probe but has the opposite trends as those inside the probe.
Second, the ratio of the probe length and diameter is a significant parameter for electrostatic OLSs and the higher the ratio the higher the spatial sensitivity and theoretical efficiency can be achieved. Electrostatic OLSs with the same ratio have the same theoretical efficiency, even when the probe length and diameter are different. The real sensor efficiency obtained through experiment is in agreement with the theoretical efficiency, which successfully validated the simulated theoretical efficiency curve. While the ratio of probe-radius and centre-distance is a significant parameter for electrostatic WSSs which is related to the detection point in application. The higher the ratio, the higher the spatial sensitivity and theoretical efficiency can be achieve to the theoretical maximum of 0.5.
Third, the electrostatic field of view calculated based on the measurements from a range of OLSs at different probe lengths and diameters shows that, the field of view increases with the increase of normalized radial position and has the maximum at the centre line of the sensor. However OLSs with larger probe length and diameter have a larger field of view, even when the ratios of the probe length and diameter are the same. While the electrostatic field of view calculated based on the measurements for WSSs shows that, the field of view increases with the increase of probe diameter. However the efficiencies at the edges are very low and nearly the same for these tested WSSs.
In summary, it is recommended that in the applications of electrostatic OLSs, sensors with larger ratio of the probe length and diameter should be firstly selected to increase the sensor efficiency with a given diameter of the oil pipe, while the overall size of the OLS should be increased as much as possible within the restriction of installation and fixation. While it is recommended that in the applications of electrostatic WSSs, sensors with larger sensing surface should be firstly selected to increase the sensor efficiency and sensitivity, meanwhile the distance between the probe and the detection point should be as much close as possible within the restriction of installation and fixation. Thus a comprehensive consideration should be researched to decide the most suitable size of the electrostatic sensor eventually for both OLS and WSS. It is more important to consider the actual industry environment where complex conditions may affect the performance of electrostatic both OLSs and WSSs such as strong background noises.
V. CONCLUSIONS
This paper has investigated the structure and characteristics for tribological electrostatic monitoring sensors. OLS and WSS, two typical types of electrostatic sensors, have been analyzed and compared to further explain about the simulation and experimental results. The listed parameters are useful for describing electrostatic sensor characteristics. The results show that electrostatic OLSs and WSSs have different change regulations with different sensor shapes and sizes. They can be further optimized for better industry application.
